I.. Introduction {#sec1}
================

Cardiovascular disease (CVD) is the largest cause of death worldwide, though over the last two decades, cardiovascular mortality rates have declined in many high-income countries [@ref1]. Atherosclerosis, which is a buildup on artery walls is the main reason leading to CVD and can result to heart attack, and stroke [@ref1], [@ref2]. Carotid intima-media-thickness (IMT) is a measurement of the thickness of the innermost two layers of the arterial wall and provides the distance between the lumen-intima and the media-adventitia (see also [Fig. 1](#fig1){ref-type="fig"}). The IMT can be observed and measured as the double line pattern on both walls of the longitudinal images of the common carotid artery (CCA) [@ref2] and it is well accepted as avalidated surrogate marker for atherosclerosis disease. It is a fact that the increase in the IMT of the CCA is directly associated with an increased risk of myocardial infarction and stroke, especially in elderly adults without any history of CVD [@ref1]--[@ref2][@ref3]. Noninvasive B-mode ultrasound imaging is used to estimate the IMT of the human carotid. Thus, the IMT may be used for the screening of population as at least half of premature heart attacks and strokes, can be prevented [@ref1]--[@ref2][@ref3]. FIGURE 1.Automated ultrasound imaging IMC segmentation of the CCA: a) left side (IMT$\documentclass[12pt]{minimal}
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A plethora of studies were carried out measuring the ultrasound imaging common carotid IMT using both manual and automated techniques [@ref4], [@ref5]. Furthermore, a rather small number of studies investigated IMT measurements in both the left and right CCA as these are tabulated in [Table 1](#table1){ref-type="table"} [@ref6], [@ref7]--[@ref8][@ref9][@ref10][@ref11][@ref12][@ref13]. IMT was measured in both CCA sides and expressed as the mean value obtained from these measurements [@ref6], [@ref9]. Yet it is not entirely clear whether the IMT is equal in both CCA arteries as several studies have shown a prediction for an increase of IMT in the left CCA. A theoretical, not well investigated, explanation has been raised, namely that increased shear stress forces in the left CCA contribute to this inequality [@ref10], [@ref11]. As it is well accepted that there are differences in shear stresses between the left and the right CCA, it can be supported that there are also differences in measurements as well as other mechanical characteristics between the two arteries. However, most studies presented in [Table 1](#table1){ref-type="table"}, were performed in adult individuals above the age of 50 years old [@ref6]--[@ref7][@ref8][@ref9][@ref10][@ref11][@ref12], thus excluding the possibility to reveal the differences at an earlier stage of the disease [@ref6]. It was also shown in [@ref14], that the CCA IMT may be possibly used in the prediction of possible infarct side, and in the prediction of potential risk of stroke by evaluating the IMT on both sides of the CCA. There have been few studies regarding the effect of carotid IMT sidedness on the various risk factors associated with carotid IMT [@ref9]--[@ref10][@ref11], [@ref15]. Because of the different anatomical origins of the left versus the right CCA, it was speculated that hemodynamics, age, gender, blood lipid level, blood glucose level, and other risk factors would have different effects depending on whether the left or right CCA was considered [@ref9]. In [@ref10], the side differences in CCA IMT measurements, and their prognostic values, among patients with stable coronary artery disease, were evaluated. The study showed that the left and right CCA may exhibit different prognostic values in the investigated population.TABLE 1An Overview of Manual and Automated IMT Measurement Studies for the Left and Right CCA in Normal and Cardiovascular Disease Groups.StudyYearMethodNLeft CCA mean(std) (mm)Right CCA mean(std) (mm)p-valueManualAutoManualAutoManualAutoNormal GroupBots [@ref11]1997Manual15000.79(0.21)-0.78(0.22)-0.65-Schmidt [@ref15]1998Manual/automated500.88(0.25)0.85(0.19)0.86(0.24)0.84(0.20)0.430.49Willekes [@ref12]1999Manual/Ultramark160.52(0.46)0.49(0.45)0.55 (0.42)0.51(0.64)0.550.83Sun [@ref8]2002Manual B-mode17810.68(0.12)-0.66(0.12)-0.0004-Rodriquez [@ref7]2003Manual B-mode1020.75(0.11)-0.71(0.11)-0.001-Arbel [@ref6]2007-/M'ATH98-0.625(0.078)-0.626(0.075)-0.884Luo [@ref9]2011QIMT4470.49(0.09)-0.47(0.09)\--0.002This study2014Manual/automated9760.74(0.20)0.73(0.20)0.70(0.17)0.69(0.19)0.560.77CVD GroupBots [@ref11]1997Manual601.23(1.03)-1.29(1.08)-0.42-Willekes [@ref12]1999Manual/Ultramark130.74(0.74)0.71(0.46)0.73(0.61)0.73(0.69)0.670.03Vicenzini [@ref30]2007Manual1655-0.97(0.21)-0.95(0.19)-0.001Lee [@ref10]2011Manual1490.83(0.24)-0.83(0.21)-0.72-This study2014Manual/automated1250.87(0.24)0.86(0.23)0.80(0.18)0.81 (0.18)0.020.04CVD: Cardiovascular events; N: Number of cases investigated; significantly (shown underlined) and non-significantly different at $\documentclass[12pt]{minimal}
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The objective of this study was to investigate the intima media thickness measurement differences between the left and right CCA sides based on both manual and automated snake's based segmentation measurements. More specifically, the following questions will be addressed: 1)Is there a difference between CCA left side IMT and right side IMT for the normal group and the cardiovascular disease (CVD) group?2)Is there a difference between left and right IMT measurements for the normal group versus the corresponding measurements for the cardiovascular disease group?3)Is there an increase of left and right IMT measurements with age?4)Can automated left and right IMT measurements be used to replace the manual measurements?5)Can classification modelling be used to differentiate between the normal group, and the cardiovascular disease group based on left and right IMT measurements? The findings may be helpful for the understanding of potential mechanisms that underlie the development of increase of carotid IMT at a relatively early stage of cardiovascular disease. The present study is an extension of the work in [@ref16] where a significantly smaller number of subjects were analyzed (205 were analyzed in [@ref16] versus 1104 that are analyzed in this study).

IMT can be measured through segmentation of the intima media complex (IMC), which corresponds to the intima and media layers (see [Fig. 1](#fig1){ref-type="fig"}) of the arterial wall. A number of techniques were proposed for the segmentation of the IMC in ultrasound images of the CCA which are discussed in [@ref4] and [@ref5]. In three recent studies performed by our group [@ref17]--[@ref18][@ref19] we presented a semi-automatic method for IMC segmentation based on snakes, which was similar with the one used in this study. In [@ref19] an automated system based on active contours and active contours without edges were proposed. The measurements were in all above cases [@ref17]--[@ref18][@ref19] made on a normalized rectangular region of interest where speckle removal had been applied [@ref20]. In [@ref18], we presented an extension of the integrated system proposed in [@ref17] where also the intima- and media-layers of the CCA could be segmented. The following section presents the materials and methods used in this study, whereas in [section III](#sec3){ref-type="sec"}, we present our results. [Sections IV](#sec4){ref-type="sec"} and V give the discussion, and the concluding remarks respectively.

II.. Materials & Methods {#sec2}
========================

A.. Recording of Ultrasound Images {#sec2a}
----------------------------------

A total of 1104 B-mode longitudinal-section ultrasound images of the CCA which display the vascular wall as a regular pattern (see [Fig. 1](#fig1){ref-type="fig"}) that correlates with anatomical layers were recorded. The images were acquired from 568 men and 536 women at a mean ± std age of (59.27 ± 10.79) years, out of which 125 had cardiovascular symptoms (67.83 ± 8.92 years) and the rest 979 had no symptoms (58.18 ± 10.48 years). The ages of the two groups were statistically significantly different (p=0.0001).

The images were furthermore partitioned into three different age groups. In the first group, we included 224 images from patients who were younger than 50 years old (4 with CVD). In the second group, we had 400 patients who were 50--60 years old (25 with CVD). In the third group, we included 480 patients who were older than 60 years old (96 with CVD). A written informed consent was obtained according to the instructions of the local ethics committee.

The ATL HDI-5000 ultrasound scanner (Advanced Technology Laboratories, Seattle, USA) [@ref21] was used with a linear probe (L12-5) covering the frequency range of 12 to 5 MHz. Assuming a nominal frequency of 7 MHz, sound velocity propagation of 1540 m/s and 2 cycles per pulse, we thus have a spatial pulse length of 0.44 mm (wavelength $\documentclass[12pt]{minimal}
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\end{document}$ pixels with 256 grey levels. We used bicubic spline interpolation to resize all images to a standard pixel density of 16.66 pixels/mm (with a resulting pixel width of 0.06 mm) [@ref17].

Brightness adjustments of ultrasound images were carried out in this study based on the method introduced in [@ref23]. This improves image compatibility by reducing the variability introduced by different gain settings, different operators, different equipment, and facilitates ultrasound tissue comparability. Algebraic (linear) scaling of the images were manually performed by linearly adjusting the image so that the median gray level value of the blood was 0-5, and the median gray level of the adventitia (artery wall) was 180-190 [@ref23]. The scale of the gray level of the images ranged from 0-255. Thus the brightness of all pixels in the image was readjusted according to the linear scale defined by selecting the two reference regions.

B.. Manual IMT Measurements and Speckle Reduction Filtering {#sec2b}
-----------------------------------------------------------

A cardiovascular expert (with more than 40 years of clinical experience, co-author A.N. Nicolaides) manually delineated (using the mouse) the IMC [@ref18] on all left and right longitudinal ultrasound images of the CCA after image normalization (see [subsection II.A](#sec2a){ref-type="sec"}) and speckle reduction filtering (see end of [subsection II.B](#sec2b){ref-type="sec"}). The IMC was measured by selecting 20 to 40 consecutive points for the intima and the adventitia layers. The manual delineations were performed using a system implemented in MATLAB (Math Works, Natick, MA) from our group. The measurements were performed between 1 and 2 cm proximal to the bifurcation of the CCA on the far wall over a distance of 1.5 cm starting at a point 0.5 cm and ending at a point 2.0 cm proximal to the carotid bifurcation. The bifurcation of the CCA was used as a guide, and all measurements were made from that region. The IMT was then calculated as the average of all the measurements. The measuring points and delineations were saved for comparison with the snake's segmentation method. All sets of manual segmentation measurements were performed by the expert in a blinded manner, both with respect to identifying the subject and delineating the image. The correctness of the work carried out by a single expert was monitored and verified by at least another expert.

For speckle reduction, the filter DsFlsmv (despeckle filter linear scaling mean variance-DsFlsmv, first introduced in [@ref24], and evaluated for ultrasound images of the carotid in [@ref20], was applied prior to IMC segmentation. The filters of this type utilize first order statistics such as the variance and the mean of a pixel neighborhood and may be described with a multiplicative noise model [@ref25]. The moving window size for the despeckle filter DsFlsmv was $\documentclass[12pt]{minimal}
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C.. Snakes Segmentation {#sec2c}
-----------------------

Before running the IMC snakes segmentation algorithm, an IMC initialization procedure was carried out for positioning the initial snake contour as close as possible to the area of interest [@ref17]. The Williams & Shah snake segmentation method [@ref26] was used to deform the snake and segment the IMC borders in each image. The snake contour, $\documentclass[12pt]{minimal}
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\end{document}$ respectively. The extracted final snake contours (see [Fig. 1](#fig1){ref-type="fig"}), corresponds to the adventitia and intima borders of the IMC. The distance is computed between the two boundaries, at all points along the arterial wall segment of interest moving perpendicularly between pixel pairs, and then averaged to obtain the mean IMT (IMT~mean~). Also the maximum (IMT~max~), minimum (IMT~min~), and median (IMT~median~) IMT values, were calculated.

D.. Cardiovascular Disease Classification Modelling {#sec2d}
---------------------------------------------------

Cardiovascular disease classification modelling was used to differentiate between the normal and the CVD group based on the left and right IMT measurements and age. The C-support vector classification (C-SVM) network [@ref27] was investigated using the Gaussian Radial Basis Function (RBF) kernel and the linear kernel. Significantly better performance was obtained using the RBF kernel tuned based on the methodology proposed in [@ref27] using a grid-search approach for the values of c and $\documentclass[12pt]{minimal}
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\end{document}$. More specifically, runs were performed on randomly selected groups of 100 normal and 100 CVD subjects above the age of 50 years old. For each set of features the procedure was repeated for 10 times and the average results were computed. The leave-one-out method was used for validating all the classification models. The performance of the classifier models was measured using the receiver operating characteristic (ROC) metrics: true positives (TP), false positives (FP), false negatives (FN), true negatives (TN), sensitivity (SE), specificity (SP) and the area under the ROC curve (AUC). We also computed the percentage of correct classifications score (%CC) based on the correctly and incorrectly classified cases.

E.. Statistical Analysis {#sec2e}
------------------------

The Wilcoxon rank sum test was used in order to identify if for each set of IMT measurements a significant difference (S) or not (NS) exists between the extracted IMT measurements, with a confidence level of 95%. The Mann-Whitney rank-sum test was also used in order to identify significant differences between the different groups. For significant differences, we require p\<0.05. Furthermore, box plots for the two different structures, were plotted for the left and right CCA. Bland-Altman plots [@ref13], with 95% confidence intervals, were also used to further evaluate the agreement between the left and right IMT measurements. Also, the Pearson correlation coefficient, $\documentclass[12pt]{minimal}
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\end{document}$, between the left and right automated IMT measurements, as well as the manual and automated IMT measurements were investigated, which reflects the extent of a linear relationship between two data sets. Furthermore, we used regression analysis to investigate the relationship between the IMT left and right CCA measurements and age.

III.. Results {#sec3}
=============

[Figure 1a)](#fig1){ref-type="fig"} illustrates an example of the automated IMC segmentations of the left side CCA (IMT$\documentclass[12pt]{minimal}
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\end{document}$ mm) respectively. The image was acquired from an asymptomatic male subject at the age of 52. It is shown, for this example that left and right IMT measurements of the CCA are different.

[Table 2](#table2){ref-type="table"} presents the manual and automated mean, standard deviation, median, minimum and maximum measurements for the left and right CCA IMT for the normal (N=976) and cardiovascular disease (N=125) subjects. It is shown that the left CCA IMT side has slightly higher measurements than the right side for both the manual and automated measurements for both the normal and CVD subjects. However, there were no significant differences between the left and the right side IMT measurements for the normal group, but there were significant differences between the two sides for the CVD group. We also found higher IMT mean and median values for the subjects that already developed CVD events when compared to the normal group.TABLE 2Manual and Automated Mean, Standard Deviation, Median, Minimum and Maximum Values for the Left and Right CCA Ultrasound imaging IMT in Normal and Cardiovascular Disease Subjects.Left CCARight CCAMeanStdMedian ^1^Q1/Q2/Q3Minimum ^1^Q1/Q2/Q3Maximum ^1^Q1/Q2/Q3MeanStdMedian ^1^Q1/Q2/Q3Minimum ^1^Q1/Q2/Q3Maximum ^1^Q1/Q2/Q3p-valuesNormal Subjects $\documentclass[12pt]{minimal}
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[Figure 2](#fig2){ref-type="fig"} illustrates box plots for the left and right sides CCA IMT manual measurements (IMTLM, IMTRM) and automated measurements (IMTLA, IMTRA) for the normal (see [Fig. 2a) and b](#fig2){ref-type="fig"}) CVD subjects (see [Fig. 2b](#fig2){ref-type="fig"}) respectively. No significant differences were found between the manual and the automated IMT measurements for both the normal and the CVD groups (using the Wilcoxon rank-sum test: 1. Normal group: Left CCA p=0.72, Right CCA p=0.67, 2. CVD group: Left CCA p=0.92, Right CCA p=0.64). FIGURE 2.Box plots for the left and right CCA IMT manual measurements (IMTLM, IMTRM) and automated measurements (IMTLA, IMTRA) for a) normal and b) CVD groups respectively. Inter-Quartile Range (IQR) values are shown above the box plots. Straight lines connect the nearest observations with 1.5 of the IQR of the lower and upper quartiles. Unfilled circles, inverted filled triangles, unfilled triangles and filled triangles correspond to outliers with values beyond the ends of the 1.5xIQR; whereas filled inverted triangles, unfilled circles and unfilled squares correspond to outliers within 2.5XIQR and 3.5xIQR respectively.

[Figure 3a](#fig3){ref-type="fig"}) illustrates a Bland--Altman plot between the left and the right automated segmentation measurements of the IMT. The difference of the two measurements between left and right IMT sides was (0.03+0.27) mm and (0.03-0.20) mm. In [Fig 3b](#fig3){ref-type="fig"}) we show the Bland-Altman plot between the left manual versus automated IMT measurements with a difference between manual and automated measurements of (−0.02+0.56) mm and (−0.02-0.60) mm. [Figure 3c](#fig3){ref-type="fig"}) illustrates the Bland-Altman plot between the right automated versus manual IMT measurements with a difference between manual and automated measurements of (−0.01+0.53) mm and (−0.01-0.55) mm respectively. FIGURE 3.Regression lines (Bland--Altman plots) of a) automated IMT left and right measurements, b) IMT left automated versus manual and c) IMT right automated versus manual. Normal subjects are indicated with circles while CVD subjects are indicated with crosses.

The left side of [Table 3](#table3){ref-type="table"} presents the results after performing the non-parametric Wilcoxon rank sum test, at p\<0.05, between the left and the right CCA, for both the manual and automated measurements. The right side of [Table 3](#table3){ref-type="table"} shows the comparisons made for the left and right CCA for the normal group versus the CVD group. No significant differences were found for the normal group while significant differences were found for the CVD group between the left and the right CCA IMT measurements (as documented in [Table 2](#table2){ref-type="table"}). The Mann-Whitney rank-sum test performed between the manual and the automated IMC segmentation measurements for three different age groups (\<50, 50-60, \>60) showed that significant differences exist for both the left and the right sides when comparing the normal group versus the CVD group for the age groups 50-60 and above 60 years of age.TABLE 3Median IMT Left and Right, Manual and Automated Segmentation Comparisons Based on the Wilcoxon Rank Sum Test at $\documentclass[12pt]{minimal}
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[Figure 4a](#fig4){ref-type="fig"}) and [Fig. 4b](#fig4){ref-type="fig"}), illustrate the results of the mean left automated (IMTLA) versus the mean right automated (IMTRA) IMT measurements using regression analysis for the normal and the CVD group respectively. In [Fig. 4a](#fig4){ref-type="fig"}) we have an intercept of 0.0983 and a slope of 0.904 with a standard error of 0.0144 and 0.0197 of the intercept and the slope respectively and an F-ratio of 2849.16. The correlation coefficient was 0.88 (p=0.11). It is shown that the IMT exhibits a linear relationship between the two sides. [Figure 4a](#fig4){ref-type="fig"}) also shows that the confidence interval limits for the IMT for the left and right sides are ±0.21 mm. In [Fig. 4b](#fig4){ref-type="fig"}) we have an intercept of 0.476 and a slope of 0.481 with a standard error of 0.08985 and 0.1085 of the intercept and a slope respectively and an F-ratio of 2333.76. The correlation coefficient was 0.73 (p=0.07). Furthermore, it is shown that in this study the values of the IMT in a normal carotid artery may vary between 0.20 and 0.91 mm, while the values for the CVD group may very between 0.21 and 1.05 mm (see also [Table 2](#table2){ref-type="table"}), depending on age, and this is also consistent with other studies [@ref4]--[@ref5][@ref6][@ref7][@ref8][@ref9][@ref10][@ref11][@ref12][@ref13][@ref14], [@ref29]. FIGURE 4.Regression lines for the automated IMTLA versus IMTRA in (mm) with confidence interval limits of ±0.21 and confidenece intervals for the correlation coeficient (dashed) for a) the Normal Group, and b) the CVD Group of all subjects investigated in this study.

[Figure 5a](#fig5){ref-type="fig"} presents regression plots showing a linear increase of the left automated CCA IMT with age for the normal group with a correlation coefficient $\documentclass[12pt]{minimal}
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[Table 4](#table4){ref-type="table"} tabulates the results of the cardiovascular disease classification modelling for classifying a subject as normal or CVD. It is shown that the best results were obtained with the combination of both the left and the right automated IMT measurements with a correct classifications score of 64 ± 3.5%. The corresponding model for the manual measurements gave a correct classifications score of 59 ± 5.0%. Models derived with the manual left or right gave very similar performance to the model when both measurements were combined.TABLE 4Normal vs Cardiovascular Disease Classification Models Based on the IMT Manual (M) and Automated (A) Measurements Using SVM with RBF Kernels.IMTClassification Models ResultsLeftRightM/ACC%Sensitivity%Specificity%AUCXM59±4.675±8.543±9.00.575±0.0412XA58±4.280±8.837±4.90.617±0.0408XM58±3.673±9.944±9.10.562±0.0301XA56±3.154±16.558±18.50.593±0.0402XXM59±5.074±6.344±6.80.587±0.0411XXA64±3.577±9.251±5.20.655±0.0306

IV.. Discussion {#sec4}
===============

The results of this study showed that: 1)There is a difference between the CCA left side IMT and the right side IMT. The left side IMT is slightly higher than the right side IMT (see [Table 2](#table2){ref-type="table"} and [Table 3](#table3){ref-type="table"}). However, there was no significant difference between the left side and right side IMT measurements for the normal group. Similar findings to these were also reported in [@ref11] by Bots *et al.*, where they have investigated 1500 cases, in [@ref15] by Schmidt and Wendelhag, where they have investigated 50 cases, and in [@ref12] in 16 cases (as documented also in [Table 1](#table1){ref-type="table"}). Moreover, the IMT measurements of this study are very close to the studies in [@ref7] and [@ref12] as tabulated in [Table 1](#table1){ref-type="table"}. There were only two studies [@ref7], and [@ref8] that showed significant differences between the left and the right sides for the normal group. Significant differences between the left and the right sides were shown for the CVD group for this study as well as in [@ref12] and [@ref30]; in contrast to the findings of the study in [@ref10] that showed no significant differences between the two sides (see [Table 1](#table1){ref-type="table"}).2)We found significant differences between the normal group and the CVD group for both the left and the right sides IMT measurements (see [Table 3](#table3){ref-type="table"}). In addition there were significant differences between the normal group and the CVD group for the age groups 50-60, and \>60 years old. These findings are also in agreement with [@ref9]. Moreover, as expected, subjects from the CVD group exhibit higher IMT measurements when compared to the normal group. This finding is also in agreement with the study of [@ref10].3)We have also found an increasing linear relationship of the left and right IMT measurements with age for the normal group as also found in other studies [@ref9], [@ref16], [@ref30], [@ref31] (see [Fig. 5a](#fig5){ref-type="fig"}). A low linear relationship was also estimated for the CVD group (see [Fig. 5b](#fig5){ref-type="fig"}). We have furthermore shown that there is a linear relationship between the left and the right sides IMT measurements (see [Fig. 4](#fig4){ref-type="fig"}) for both the normal and the CVD groups and for both the manual and the automated segmentation measurements. These findings are in agreement with other studies [@ref31]--[@ref32][@ref33][@ref34][@ref35]. It should be furthermore noted that the low correlation coefficients found in [Fig. 4b](#fig4){ref-type="fig"}) and [Fig. 5](#fig5){ref-type="fig"} are due to the scattering of the IMT measurements especially for the CVD group.4)No statistical significant differences were found between the automated and the manual IMT measurements for both CCA sides and therefore automated measurements may be used to replace the manual measurements. No significant differences between the automated and the manual IMT measurements were also reported in [@ref6], [@ref10]--[@ref11][@ref12], and [@ref15]. The mean difference between the manual and the automated mean IMT measurements found in this study was 0.01 mm, which is in the same order as also found in other studies performed by our group [@ref17], [@ref18], [@ref36], [@ref37] and also documented in [@ref4].5)Classification disease modelling should be used with caution to differentiate between the normal group and the cardiovascular disease group based on either the left or the right or both IMT measurements. The highest correct classifications score achieved was 64 ± 3.5% using the automated left and right IMT measurements. These results merit further investigation how to improve their performance further.

A number of studies were performed, either on normal or on CVD subjects, for investigating the differences between the left and right CCA sides (see also [Table 1](#table1){ref-type="table"}). More specifically, in [@ref6], 98 healthy adults with a mean age of 28 years underwent blood tests to evaluate various CVD risk factors as well as automated ultrasonic measurements of their CCA IMT on both carotid arteries. No significant difference was noted between the IMT on both sides as also reported in the present study. That was probably due to the fact that the sample investigated was from young healthy individuals. The IMT on the left CCA artery in 52 men was 0.625 ± 0.078 mm while on the right CCA it was 0.626 ± 0.075 mm (p=0.884). The IMT values in 46 women were 0.615 ± 0.059 mm while on the right it was 0.622 ± 0.0618 mm (p=0.582), respectively. As reported in the literature differences between the left and right CCA occur in older people due to a combined effect of various atherosclerotic risk factors as well as due to the potential differences between the shear forces between the two carotid arteries [@ref6]. In other studies [@ref7], [@ref8], as well as in the present study an increase of IMT on the left CCA in older individuals was found. This was not the case in [@ref6], where a group of young and healthy adults were investigated. It is possible that if mechanical stress forces contribute to an enhanced left IMT, it takes a relatively long time to become evident. In [@ref9], 447 healthy people were assigned into six age groups and their left and right IMT as well as other hemodynamic parameters were measured. It was shown that the left CCA IMT was thicker than the right between the ages of 35 and 65 years old. It was furthermore shown that the left CCA IMT showed no obvious change before the age of 35 years, and after the age of 35 the CCA IMT thickened considerably every 10 years. Such a trend in the right CCA IMT was noted to occur 10 years later, i.e., it did not change significantly before the age of 45 years and IMT thickening occurred only after the age of 45. It was finally concluded that hemodynamic and biochemical changes had different effects on the IMT depending on the side affected. In another study [@ref15], manual measurements of the left and right CCA IMT were performed on 50 healthy individuals. It was shown that the inter-observer variability in IMT measurements was smaller when images were recorded from both the right and the left CCA sides than the images recorded from only the right CCA. Willekes *et al.* [@ref12], evaluated the IMT for both left and right CCA on 16 young normal and 13 old CVD subjects. It was shown that older subjects exhibited a larger IMT when compared to the younger subjects. No statistical significant differences were found between left and right CCA sides.

In [@ref11], associations between the CCA IMT and prevalent CVD and presence of lower extremity arterial atherosclerosis were found both in the left and the right CCA sides. It was concluded that the average of both near and far wall measurements of the CCA provides a good indicator of CVD disease.

In [@ref29] the relation of carotid IMT and the presence of vascular risk factors and correlates of the IMT with the degree of the distal internal carotid stenosis and the proximal CCA resistive index were investigated in 1655 patients. Significant side differences were found with higher IMT on the left side (left CCA, 0.97 ± 0.21 mm with p\<0.001, right CCA, 0.95 ± 0.19 mm with p\<0.001. The results in [@ref38], confirmed the relation of vascular risk factors with age being the most relevant. Additionally increased wall shear stress was noted in the left side of the CCA.

In [@ref10], correlations between the left and right CCA side were investigated in 149 patients with coronary artery disease. No significant differences were found for the IMT between the left and right CCA sides. The authors concluded that the non-significant differences found between the two CCA sides, may be due to the fact that a small number of samples was selected as well as to the population selected. It was also shown that the left and right CCA IMT exhibited different predictive values on CVD events, suggesting differential correlations between the two different sides with CVD risk factors and clinical outcomes.

Given the different anatomy of each CCA side, it was proposed in the literature, but not thoroughly investigated, that the different risk factors have different effects on the left versus the right CCA. However, the reason for these differences between left and right side CCA is not yet understood. It is assumed that it may be due to the different origins of the left and right CCA, whereby they are subjected to different flow intensities from the aortic arch. The left CCA stems directly from the arch of aorta and is affected by aortic arch pressure. The right CCA stems from the innominate artery, which is an extension of the ascending aorta, and is subjected to significant pressure from the ascending aortic blood flow. In addition, the wall shear stress resulting from the interaction between the blood and the intima has previously been associated with development of atherosclerotic plaque, a thick IMT, and vascular structural remodeling [@ref38]. Reports in the literature [@ref39] proposed that the IMT progression accelerates in the elderly and therefore could account for the difference in IMT seen at older ages that are non-existent in younger patients. Thus, we hypothesize that if mechanical shear stress forces do contribute to an accelerated development of the atherosclerotic process in the left carotid artery, they probably need a relatively prolonged period of time to become evident. Further studies are needed to elucidate this point of interest. Not only the IMT estimation, but also changes in the mechanical properties of the arterial wall are of interest as, they also have the potential to signalize the existence of early cardiovascular disease. These changes can be detected by analyzing the arterial wall stiffness (or elasticity) using techniques such as diameter change estimation, artery distensibility or strain imaging [@ref40]. In addition endarterectomies have a higher prevalence on the left side [@ref29]. It was also suggested that increased shear forces in the left carotid artery contribute to this phenomenon.

There are also some limitations for the present study which arise mostly from the vascular dysfunction of the left and right CCA arteries which is affected by a number of factors [@ref6], [@ref9]. Furthermore, the presence of acoustic shadowing together with strong speckle noise hinders the visual and automatic analysis in ultrasound images. Poor quality images, with bad visual perception, were neither included in this study nor were they delineated by the experts [@ref4]--[@ref5][@ref6], [@ref22]. We have also excluded from our segmentation experiments images with extensive echolucency and calcification (40 and 10 from the normal group and CVD group corresponding to 4.1% and 8% of the number of images per group analyzed). Furthermore, the estimation and positioning of the initial snake contour may sometimes result to segmentation errors [@ref41]. This should be placed as close as possible to the area of interest otherwise it may be trapped into local minima or false edges and converge to a wrong location. It should be noted that the parameters for each processing step (image normalization, despeckle filtering, the size of the moving pixel window, the number of iterations, IMC contour initialization, snakes segmentation) were selected for maximum performance. In the present study in less than 5% of the cases the positioning of the initial snake contour was not calculated correctly.

Future work will investigate the possible incorporation of the proposed IMC segmentation and IMT measurements tool into a computer aided diagnostic system that supports the texture analysis of the segmented IMC areas as well. More specifically, texture features [@ref28], [@ref31] and amplitude-modulation frequency-modulation multi-scale features [@ref36] can be extracted from the IMC and used to discriminate between normal and CVD subjects.
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